Ligands acting at the benzodiazepine (BZ) site of ␥-aminobutyric acid type A (GABAA) receptors currently are the most widely used hypnotics. BZs such as diazepam (Dz) potentiate GABAA receptor activation. To determine the GABAA receptor subtypes that mediate the hypnotic action of Dz wild-type mice and mice that harbor Dz-insensitive ␣1 GABAA receptors [␣1 (H101R) mice] were compared. Sleep latency and the amount of sleep after Dz treatment were not affected by the point mutation. An initial reduction of rapid eye movement (REM) sleep also occurred equally in both genotypes. Furthermore, the Dz-induced changes in the sleep and waking electroencephalogram (EEG) spectra, the increase in power density above 21 Hz in non-REM sleep and waking, and the suppression of slow-wave activity (SWA; EEG power in the 0.75-to 4.0-Hz band) in non-REM sleep were present in both genotypes. Surprisingly, these effects were even more pronounced in ␣1(H101R) mice and sleep continuity was enhanced by Dz only in the mutants. Interestingly, Dz did not affect the initial surge of SWA at the transitions to sleep, indicating that the SWA-generating mechanisms are not impaired by the BZ. We conclude that the REM sleep inhibiting action of Dz and its effect on the EEG spectra in sleep and waking are mediated by GABAA receptors other than ␣1, i.e., ␣2, ␣3, or ␣5 GABAA receptors. Because ␣1 GABAA receptors mediate the sedative action of Dz, our results provide evidence that the hypnotic effect of Dz and its EEG ''fingerprint'' can be dissociated from its sedative action. F ast synaptic inhibition in the mammalian central nervous system is largely mediated by activation of ␥-aminobutyric acid type A (GABA A ) receptors. GABA A receptors are heteromeric membrane proteins that operate as GABA-gated ion channels. Most GABA A receptors are composed of ␣, ␤, and ␥ 2 subunits with a pentameric stoichiometry (1). GABA A receptor function can be enhanced by allosteric modulators, e.g., benzodiazepines (BZ), barbiturates, and neurosteroids. This enhancement of neuronal inhibition by GABA is one of the most powerful therapeutic strategies for treatment of central nervous system diseases such as sleep disturbances, anxiety disorders, muscle spasms, and seizure disorders (2). Classical BZ like diazepam (Dz) bind to GABA A receptors that contain the ␣ subunits ␣1, ␣2, ␣3 or ␣5, hereafter called ␣1, ␣2, ␣3, or ␣5 GABA A receptors, respectively (3). GABA A receptors containing the ␣4 or ␣6 subunits are insensitive to Dz. The ␣ subunits show distinct patterns of distribution in the brain (4).
F
ast synaptic inhibition in the mammalian central nervous system is largely mediated by activation of ␥-aminobutyric acid type A (GABA A ) receptors. GABA A receptors are heteromeric membrane proteins that operate as GABA-gated ion channels. Most GABA A receptors are composed of ␣, ␤, and ␥ 2 subunits with a pentameric stoichiometry (1) . GABA A receptor function can be enhanced by allosteric modulators, e.g., benzodiazepines (BZ), barbiturates, and neurosteroids. This enhancement of neuronal inhibition by GABA is one of the most powerful therapeutic strategies for treatment of central nervous system diseases such as sleep disturbances, anxiety disorders, muscle spasms, and seizure disorders (2) . Classical BZ like diazepam (Dz) bind to GABA A receptors that contain the ␣ subunits ␣1, ␣2, ␣3 or ␣5, hereafter called ␣1, ␣2, ␣3, or ␣5 GABA A receptors, respectively (3) . GABA A receptors containing the ␣4 or ␣6 subunits are insensitive to Dz. The ␣ subunits show distinct patterns of distribution in the brain (4) .
The ␣1 GABA A receptors represent Ϸ60% of all Dz-sensitive GABA A receptors in the brain and are found mainly in the cerebral and cerebellar cortex, thalamus, and pallidum (4) . To assess the functions of this most prevalent receptor subtype in the pharmacological spectrum of Dz, a point-mutated knock-in mouse line, [␣1(H101R)], in which the ␣1 GABA A receptors are insensitive to Dz, has been developed (5, 6) . These mice represent a useful tool to distinguish between Dz actions that are mediated by ␣1 GABA A receptors or by GABA A receptors other than ␣1. Recently it was reported that ␣1 GABA A receptors mediate the sedative (reduction of motor activity) and amnesic actions of Dz, whereas the anxiolytic, muscle relaxant, motor impairing, and ethanol potentiating effects are mediated by GABA A receptors other than ␣1 (5, 7). BZ hypnotics have distinct effects both on sleep and the sleep electroencephalogram (EEG). They induce dose-dependent increases of non-rapid eye movement (NREM) sleep, a reduction of REM sleep in humans and a typical BZ ''fingerprint,'' consisting of a reduction in delta activity in humans and rats, an increase of sigma activity in humans, and high-frequency activity in rats (8) (9) (10) (11) (12) (13) (14) (15) . These effects are common for agonists acting at the BZ site, irrespective of whether they are BZ or non-BZ compounds such as zolpidem and zopiclone (15) (16) (17) .
To assess whether the ␣1 GABA A receptors mediate not only the sedative action of Dz but also its effects on sleep, the sleep EEG and motor activity were compared in ␣1(H101R) and wild-type mice. Surprisingly, we found that the BZ fingerprint in the sleep EEG was present in both genotypes, indicating that these changes in the sleep EEG are mediated by GABA A receptors other than ␣1, in contrast to the sedative action, which is mediated by ␣1 receptors (5, 6).
Materials and Methods
Animals. Experiments were performed in male mice homozygous for a histidine to arginine point mutation at position 101 of the GABA A receptor ␣1 subunit (␣1-Arg-101) and homozygous wild-type controls (␣1-His101) (5). The local governmental commission for animal research approved the experiments. Mice were kept individually on a 12-h light͞12-h dark cycle (light: 08:00-20:00 h; Ϸ30 lux) at 22-24°C, in Macrolon cages (36 ϫ 20 ϫ 35 cm), with ad libitum food and water.
Electrodes for recording the EEG and the electromyogram and a thermistor for recording cortical temperature were implanted under deep anesthesia (50 mg͞kg pentobarbital sodium, i.p.) as described (18, 19) . The mice were 11-13 weeks old and weighed 23-29 g before surgery. The electrodes and the thermistor were fixed to the skull with dental cement. At least 21 days were allowed for recovery and adaptation to the recording conditions. Data Acquisition. Motor activity was recorded by IR sensors centered above the cage. Activity counts were integrated over consecutive 1-min epochs and stored on a computer (18) . The EEG and electromyogram signals were amplified, filtered, and stored with a resolution of 128 Hz (for details see ref. 20) . Consecutive 4-s epochs were subjected to a fast Fourier transform routine, and EEG power density was computed for 4-s epochs in the frequency range of 0.25 to 25.0 Hz. Ambient temperature and cortical temperature were sampled at 4-s intervals.
Vigilance states were visually scored for 4-s epochs (20) . Sleep latency was defined as the time elapsed between drug adminisThis paper was submitted directly (Track II) to the PNAS office.
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tration and the first consecutive NREM sleep episode lasting at least 3 min and not interrupted by more than six 4-s epochs not scored as NREM sleep. Epochs containing artifacts were identified and excluded from analysis (3.3 Ϯ 0.3% of total recording time). The vigilance states of all epochs could be identified.
Experimental Protocol. Mice were injected with 3 or 10 mg͞kg i.p. Dz and vehicle (Veh; 0.3% Tween 80; injection volume: 5 ml͞kg body weight) immediately before dark onset, and motor activity was measured for 12 h. As 3 mg͞kg Dz induced only a shortlasting sedation, whereas the effect of 10 mg͞kg was more prolonged, sleep was recorded after injection of an intermediate dose of 5.0 mg͞kg Dz at light onset [wild type, n ϭ 5 and ␣1(H101R), n ϭ 4]. The amount of vigilance states was not affected (Table 1) , however, prolonged EEG changes were observed (not shown). Therefore, sleep was investigated after a lower dose (3.0 mg͞kg) in a new group of mice [wild type, n ϭ 8; ␣1(H101R), n ϭ 7] and compared with Veh. Treatments were at light onset, and recordings were performed for 12 h. To exclude residual effects of Dz, Veh was injected 2 days before Dz.
Data Analysis and Statistics. Genotypes were compared by post hoc two-tailed t tests if a two-way ANOVA factor genotype or interaction genotype ϫ 2-h interval (intervals 1-6) was significant. Overall effects within a genotype were analyzed by two-way ANOVA for repeated measures with factors condition (Veh and Dz) and 2-h intervals (intervals 1-6).
Results
Dz had no effect on sleep latency or on the total amount of waking, NREM sleep, and REM sleep (Table 1 ). An initial, short-lasting reduction of REM sleep occurred in both genotypes after 3 mg͞kg (Fig. 1) . Cortical temperature was reduced in waking (Table 2 ) and in the first 2 h NREM sleep (not shown) in wild-type mice only. Despite these differences, the comparison between the genotypes did not reach significance (n.s., two-way ANOVA for repeated measures). Moreover, neither sleep latency, the amount of sleep, nor cortical temperature differed between the genotypes after Veh treatment.
The genotypes did not differ in mean absolute EEG power density (0. changes persisted during the entire 12-h recording, the genotype differences in the delta band gradually subsided ( Fig. 2 Lower Left, ␣1 vs. WT). Moreover, 1-2 frequency bins within the lower theta band (which in rodents encompasses 6.25-9.0 Hz) exceeded the Veh control level during most 2-h intervals in wild-type mice, whereas in ␣1(H101R) mice the effect was less prominent and restricted to a single bin in the first 2 h after Dz. In addition, in the mutants a prolonged decrease in power was observed in the 8.25 to 13.0-Hz band. A similar effect occurred in the first 2 h only in wild type, encompassing frequencies up to 17 Hz, which was followed by a rebound in a narrower band in hours 2-4. In the upper beta band (above 18 Hz) power was consistently above Veh in the mutants, whereas in wild-type mice no consistent effect was seen. The genotype differences within the theta and sigma (12-16 Hz) band did not subside in the course of the 12 h. Dz also affected the REM sleep EEG spectra in both genotypes (Fig. 2 Middle) . A long-lasting increase of power in frequencies between 3.75 and 7.0 Hz, as well as a concomitant power decrease between 8.25 and 11.0 Hz was observed. The degree of both effects was significantly larger in ␣1(H101R) mice ( Fig. 2; ␣1 vs. WT). The genotype differences in the theta-band range subsided after 8 h, with the exception of a single bin. A minor, but consistent, power reduction occurred in the mutants only in frequencies between 14 and 23 Hz.
Several Dz-induced changes were present in the waking EEG. These were, with one exception, more prominent in the mutants. Power in several bins below 7.0 Hz was above Veh in both genotypes, and in ␣1(H101R) mice some bins between 7-13 Hz were reduced. In both genotypes power in frequencies above 14 Hz showed a prolonged increase. Especially in the first 6 h the effects were significantly larger in ␣1(H101R) mice in frequencies within the delta, higher theta, sigma, and higher beta band (Fig. 2 Right, ␣1 vs. WT). Fig. 3 Left illustrates the effect of Dz on EEG slow-wave activity (SWA; mean EEG power density in the 0.75 to 4.0-Hz range) in NREM sleep. After Dz SWA was significantly below Veh in several 2-h intervals in wild-type mice. In the ␣1(H101R) mice the SWA suppression persisted for the entire 12 h, and in several intervals was significantly larger in the mutants ( Fig. 3 Bottom Left; WT vs. ␣1).
Sleep continuity was enhanced by Dz in the mutants only (Fig.  3 Right) . The decrease in the number of brief awakenings (NBA) in these mice persisted for 12 h (Table 1, Fig. 3 ). The 12-h values of NBA did not differ between the genotypes after Veh (Table  1) . To clarify the relationship between NBA and SWA Pearson's correlation coefficients were computed for the 12-h changes in Values are plotted at the upper limit of each bin. Lines below the panels indicate frequency bins that differed between Dz (after significance was reached in two-way ANOVA for repeated measures) and corresponding bins after Veh (P Ͻ 0.05; two-tailed paired t test), or between ␣1(H101R) and wild-type mice in the effect of Dz treatment (P Ͻ 0.05; unpaired t test). No differences in EEG power density were observed between genotypes after Veh.
SWA and NBA after Dz. No significant correlation was found [WT, r ϭ Ϫ0.48, P ϭ 0.23; ␣1(H101R), r ϭ 0.67, P ϭ 0.11].
SWA was computed at the waking-NREM sleep transitions to assess the mechanisms underlying the SWA-suppressing effect of Dz (Fig. 4) . The initial surge of SWA, which began in the last 4-8 s of waking before the transition and reached its maximum in the first 4-s epoch of NREM sleep, was not affected by Dz. However, once a NREM sleep episode was initiated, SWA decreased progressively until it reached a stable level after Ϸ28 s in wild-type mice and 16 s in ␣1(H101R) mice. Significant differences in the level of SWA in NREM sleep between the genotypes appeared only after 20 s (Fig. 4 Bottom) . The magnitude of change between the mean 1-min SWA value in waking before the transition and the first epochs of NREM sleep did not differ between the genotypes (not shown). The computation of a narrower SWA-band corresponding to the significance in wildtype mice after Dz (1.75-4.0 Hz; Fig. 2 ) did not affect this result (not shown).
Motor activity was reduced by Dz (3 and 10 mg͞kg) in wild-type mice but not in ␣1(H101R) mice. The effect was significant for the first 2 h (not shown). No differences in motor activity between the genotypes were observed on the baseline preinjection day or after Veh (not shown).
Discussion
Hypnotic effects are classically considered to involve more pronounced depression of the central nervous system than sedation, and this can typically be achieved by increasing the dose of sedative-hypnotic drugs. A hypnotic should mimic the changes observed after physiological sleep pressure and have no residual effects (21) . These changes have been consistently reported in humans and many other species after sleep deprivation and and open (P Ͻ 0.05) triangles (paired t test) for wild type and ␣1(H101R), respectively. Two-way ANOVA for repeated measures factors condition (Veh, Dz) and 2-h interval (intervals 1-6). SWA-wild-type condition: F ϭ 13.0; P Ͻ 0.009; wild-type interaction condition ϫ 2-h interval: F ϭ 1.1 n.s.; ␣1(H101R) condition: F ϭ 66.4, P Ͻ 0.0002; ␣1(H101R) interaction condition ϫ 2-h interval: F ϭ 3.0 n.s. NBA-wild-type condition: F ϭ 2.5 n.s.; wild-type interaction condition ϫ 2-h interval: F ϭ 1.3 n.s.; ␣1(H101R) condition: F ϭ 35.3 P Ͻ 0.001; ␣1(H101R) interaction condition ϫ 2-h interval, F ϭ 1.1 n.s. (Bottom) SWA and NBA after Dz expressed as difference from the corresponding Veh interval. Triangles indicate differences between genotypes (OE: P Ͻ 0.01; ‚: P Ͻ 0.05; unpaired t test). Two-way ANOVA with factors genotype [WT, ␣1(H101R)] and 2-h interval (intervals 1-6). SWA: genotype, F ϭ 41.1, P Ͻ 0.0001; interaction genotype ϫ 2-h interval, F ϭ 1.6 n.s. NBA: genotype, F ϭ 17.5, P Ͻ 0.0001; interaction genotype ϫ 2-h interval, F ϭ 0.33 n.s.
include shortening of sleep latency, increase of total sleep time and sleep efficiency, and enhancement of EEG power in the delta frequency range (see refs. 22 and 23 for reviews). The effects of Dz on sleep and EEG parameters have not been reported previously in mice. Neither 3 nor 5 mg͞kg Dz shortened sleep latency or increased the amount of sleep. The decrease of cortical temperature in waking observed after Dz could be a consequence of a mild sedation, because brain temperature decreases when behavior progresses from active to quiet waking and to NREM sleep (20) . This interpretation is consistent with the decrease of motor activity we observed in wild type after Dz.
Sleep efficiency was increased only in the mutants, as seen by the marked reduction of sleep fragmentation (lower amount of brief awakenings). The 12-h values of NBA after Veh were the same in both genotypes and are in the range of those reported previously in mice (18) (19) (20) (21) (22) . The discrepancy between the increase of sleep continuity and the reduction of power in the lower EEG frequencies is consistent with the findings in humans, where an acute dose of a BZ such as flunitrazepam and midazolam or the BZ-site ligands zopiclone and zolpidem suppressed SWA (9, 10, 13, 15, 24, 25) with a concomitant reduction in movement activity (9, 24, 26) . Under conditions of enhanced physiological sleep pressure sleep fragmentation is low, and in the rat the SWA increase in NREM sleep is negatively correlated with NBA (27) . Thus, more intense sleep is accompanied by less brief awakenings. Paradoxically, the decrease of SWA after Dz was accompanied by an increase in sleep continuity in the mutants.
In addition, Dz initially suppressed REM sleep, which corresponds to the findings reported for many BZ-and non-BZ hypnotics in humans (for a review see ref. 15 ) and the rat (14, 28) . This effect occurred in mice of both genotypes and therefore does not seem to be mediated by the ␣1 GABA A receptor subtype.
The Dz-induced EEG changes were marked and prolonged. EEG power in several frequency bands was either above or below Veh for the entire 12 h. These effects can be separated into those that were restricted to the sleep EEG and others that encompassed also the waking spectra. The decrease of power in the delta range (0.75-4.0 Hz) was sleep-specific, because an opposite change occurred in waking. An increase in delta activity in waking has been found in rats and mice also during prolonged waking (19, 27) . In contrast, the increase in power in the lower theta (5-6 Hz) and in the beta (above 15 Hz) frequencies, as well as the suppression of power in the spindle range (12-16 Hz) was not specific for sleep. A shift of EEG theta power toward lower frequencies was observed in all vigilance states (Fig. 2) . A Dz-induced shift in theta peak frequency was reported for the hippocampal EEG when mice were forced to walk on a treadmill (29) .
Despite the progress in the understanding of the generation of EEG delta activity (30) (31) (32) (33) , the mechanisms leading to its BZ-induced reduction or its increase after sleep deprivation are still unknown. Our data indicate that the suppression of SWA is not mediated by the ␣1 GABA A receptor. It is remarkable that despite the pronounced SWA-suppressing effect of Dz the mechanisms leading to the transition of waking to NREM sleep were not affected. This finding is comparable to the results in humans, where despite the general attenuation of EEG slow waves after different BZ compounds, their gradual buildup at the beginning of a NREM sleep episode persisted, albeit at a slower rate (11, 34) . The recurrent inhibition within the reticular thalamic nucleus, which is mediated by GABA A receptors (most likely of the subunit composition ␣3␤3␥2) (35), leads to a reduction of synchrony of thalamocortical oscillations, which in turn lead to changes in synchronization of the sleep EEG (32, 33, 36, 37) . It is possible that these mechanisms within the reticular thalamic nucleus are affected by Dz. The ␣1 GABA A receptor is the most abundant GABA A receptor subtype in the cerebral cortex, and it is predominantly expressed in interneurons (4). Our study, however, revealed that this receptor subtype is apparently not critical for mediating the Dz-induced changes in the sleep EEG, suggesting that subcortical neurons most likely play an essential role.
The effects of Dz on the EEG in mice are similar to those found in rats, where SWA in NREM sleep was reduced and frequencies above 13 Hz were enhanced by 3 mg͞kg midazolam. As in mice, power in the waking spectrum was enhanced in frequencies above 10 Hz (14) . This increase is consistent with the induction of high-frequency power in waking in rats after tiagabine, a centrally active selective GABA-reuptake inhibitor (38, 39) . 
